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The pea aphid (Acyrthosiphon pisum) can reproduce either sexually or asexually (parthenogenetically),
giving rise, in each case, to almost identical adults. These two modes of reproduction are accompanied
by differences in ovarian morphology and the developmental environment of the offspring, with sexual
forms producing eggs that are laid, whereas asexual development occurs within the mother. Here we
examine the effect each mode of reproduction has on the expression of key maternal and axis
patterning genes; orthodenticle (otd), hunchback (hb), caudal (cad) and nanos (nos). We show that three
of these genes (Ap-hb, Ap-otd and Ap-cad) are expressed differently between the sexually and asexually
produced oocytes and embryos of the pea aphid. We also show, using immunohistochemistry and
cytoskeletal inhibitors, that Ap-hb RNA is localized differently between sexually and asexually produced
oocytes, and that this is likely due to differences in the 30 untranslated regions of the RNA. Furthermore,
Ap-hb and Ap-otd have extensive expression domains in early sexually produced embryos, but are not
expressed at equivalent stages in asexually produced embryos. These differences in expression likely
correspond with substantial changes in the gene regulatory networks controlling early development in
the pea aphid. These data imply that in the evolution of parthenogenesis a new program has evolved to
control the development of asexually produced embryos, whilst retaining the existing, sexual,
developmental program. The patterns of modiﬁcation of these developmental processes mirror the
changes that we see in developmental processes between species, in that early acting pathways in
development are less constrained, and evolve faster, than later ones. We suggest that the evolution of
the novel asexual development pathway in aphids is not a simple modiﬁcation of an ancestral system,
but the evolution of two very different developmental mechanisms occurring within a single species.
& 2013 Elsevier Inc. All rights reserved.Introduction
Aphids such as the pea aphid (Acyrthosiphon pisum) have a
remarkable life history strategy: cyclical parthenogenesis, which
arose early in the aphid lineage 200 million years ago (Simon
et al., 2002). In spring and summer, pea aphids reproduce
asexually and viviparously, giving birth to live young, or nymphs.
In asexually produced nymphs, oogenesis and embryonic devel-
opment is initiated in late development, leading to fast, tele-
scoped generations which contribute to rapid growth of aphid
populations (Reviewed in Moran, 1992) and their success as a
pest species (The International Aphid Genomics Consortium,
2010). In autumn, when day length shortens and temperatures
decrease, asexual (viviparous) females produce males and oviparous
(egg-bearing) females that reproduce sexually. These fertilizedll rights reserved.
J. Duncan).eggs endure the harsh conditions of winter and hatch in the
spring as viviparous females (Reviewed in Moran, 1992). These
two modes of embryogenesis produce morphologically identical
adults, yet there are substantial differences in gene expression
during oogenesis (Gallot et al., 2012), early embryonic morphol-
ogy (Miura et al., 2003), the timing and site of incorporation of
endosymbiotic bacteria into the bacteriocytes (specialized cells
that house the endosymbiotic bacteria) (Braendle et al., 2003),
and the length of embryogenesis (Via, 1992).
It is possible that differences between the two modes of
reproduction are essentially trivial with asexual development
simply being a maternal encapsulation of sexual development.
Alternatively, the evolution of asexual development may have
required the invention of a modiﬁed form of development, with
the aphid genome encoding two different developmental pro-
grams. To differentiate these possibilities we have examined early
patterning in the aphid embryo using conserved maternally
expressed genes with early embryonic patterning roles known
from other insect species.
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maternal deposition of RNA or protein into the developing oocyte.
In Drosophila, the best-studied examples of these maternally-
provided RNAs are localized to the anterior or posterior poles of
the oocyte and lead to localized translation of protein products in
the embryo. In Drosophila, bicoid RNA is localized to the anterior
(Berleth et al., 1988; Frohnhofer and Nusslein-Volhard, 1986) and
nanos (nos) RNA to the posterior (Gavis and Lehmann, 1994;
Wang et al., 1994) through transport and retention on the
cytoskeleton (reviewed in Kugler and Lasko, 2009). Bicoid protein,
translated in the anterior, represses the translation of ubiqui-
tously expressed caudal (cad) RNA (Rivera-Pomar et al., 1996);
and nanos (nos) protein, translated at the posterior, prevents
translation of ubiquitously expressed hunchback (hb) RNA (Irish
et al., 1989; Wreden et al., 1997).
In non-drosophilid insects, however, there is substantial
diversity in mechanisms of axis patterning, and key components
of the Drosophila patterning pathways, such as bicoid, are absent
from sequenced insect genomes, including the honeybee (Apis
mellifera) (Dearden et al., 2006), and the pea aphid (A. pisum)
(Shigenobu et al., 2010; The International Aphid Genomics
Consortium, 2010). Genes controlling early embryonic patterning
have been studied functionally in long germband holometabolous
insects such as Nasonia vitripennis (Lynch et al., 2006) and the
honeybee (Wilson and Dearden, 2011; Wilson et al., 2010), as well
as short germband holometabolous insects, such as Tribolium
castaneum (Copf et al., 2004; Kotkamp et al., 2010; Schroder,
2003; Schroder et al., 2000). These studies, together with gene
expression and functional data from hemimetabolous insects
(Birkan et al., 2011; Dearden and Akam, 2001; He et al., 2011;
Huang et al., 2010; Liu and Kaufman, 2004a; Lynch et al., 2010;
Mito et al., 2005; Nakamura et al., 2010; Patel et al., 2001;
Shinmyo et al., 2005), and non-insect arthropods (Copf et al.,
2003; Janssen et al., 2011), have identiﬁed several genes that have
conserved roles in early patterning: otd in anterior regions, hb in
anterior and trunk patterning, and cad and nos in posterior
patterning. Three of these genes also have roles in anterior-
posterior patterning outside the arthropods; otd in anterior
patterning in vertebrates (Ang et al., 1996; Mercier et al., 1995;
Pannese et al., 1995), cad and nos in posterior patterning and axis
elongation in vertebrates (Epstein et al., 1997; Shimizu et al.,
2005) and non-arthropod invertebrates (de Rosa et al., 2005;
Hejnol and Martindale, 2008; Torras and Gonzalez-Crespo, 2005;
Torras et al., 2004).
Even though the involvement of these genes in axial pattern-
ing appears to be conserved across 630 million years of evolution
(Erwin, 2009) the way these genes are deployed differs substan-
tially, even between relatively closely related species with similar
modes of development. For example: in Nasonia maternal and
early zygotic expression of hb RNA is ubiquitous, yet an anterior
to posterior gradient of hb protein forms, implicating transla-
tional repression in the restriction of hb to the anterior pole (Pultz
et al., 2005). However, in the honeybee, which is 190 million
years diverged from Nasonia (Werren et al., 2010) maternal hb
RNA is initially ubiquitously distributed but early in embryogen-
esis the hb RNA becomes restricted to the anterior pole (Wilson
and Dearden, 2011), presumably generating a hb protein gradient.
In both species RNAi mediated depletion of hb yields identical
phenotypes; deletion of head and thoracic segments (Lynch et al.,
2006; Wilson and Dearden, 2011) indicating that despite the
differences in regulation and expression of these genes they are
performing similar functions in embryogenesis.
Molecular investigations of early embryonic development in the
pea aphid have focused on germ cell speciﬁcation in asexually
produced (viviparous) embryos (Chang et al., 2006, 2007, 2009;
Huang et al., 2010). However, it has been previously shown that theonly otd ortholog encoded in the pea aphid genome (Shigenobu et al.,
2010) is not expressed early in viviparous development (Huang et al.,
2010), implying that axial patterning of asexually-produced embryos
may differ from other insects. As yet there has been no direct
molecular comparison of early embryogenesis between sexually
produced and asexually produced embryos. Here we show that the
maternal and early embryonic expression of three key axis formation
genes, hb, otd, and cad differ between oviparous (sexual) and
viviparous (asexual) morphs of the pea aphid.Materials and methods
Aphid rearing
The A. pisum strain used in this study was provided by Plant
and Food Research, New Zealand. Parthenogenetic aphid clones
were maintained on broad beans (Vicia faba) in growth chambers
with a long-day photoperiod (16L:8D) at 15–20 1C. The sexual
phenotype was induced by transferring aphids to a growth
chamber at 16 1C with short-day photoperiod (13L:11D).
Molecular cloning and bioinformatics
Total RNA was extracted from dissected oviparous and vivipar-
ous aphid ovaries using TRIzol reagent (Invitrogen) and used as a
template for cDNA synthesis by reverse transcription using Super-
Script III (Invitrogen). Ap-hb, Ap-otd, Ap-nos1 and Ap-cad were PCR
ampliﬁed and cloned into pBluescript (KS) for riboprobe synthesis.
For RT-PCR (reverse transcription PCR) to examine gene expression
RNA was isolated from viviparous ovarioles, oviparous ovaries and
mature but unfertilized eggs (eggs that were found in the ovarian
duct during dissection) using TRIzol reagent (Invitrogen) and
puriﬁed with the RNAeasy kit with on-column DNAse digestion
(Qiagen). cDNA was generated using the Invitrogen VILO reagent.
RNA was extracted from dissected oocytes and associated germaria
using the Ambion RNAqueous-micro kit (Invitrogen), cDNA was
generated and ampliﬁed using the Ovation RNA-seq (v1) system
(NuGEN Technologies, Inc.; San Carlos, CA, USA). Ampliﬁed double
stranded cDNA was sequenced using the Illumina Hi-Seq 2000
(Beijing Genomics Institute), reads were mapped back to the pea
aphid genome using CLC Genomics Workbench v5 (CLC, Denmark).
The ab initio transcript discovery plugin was used to determine
differences in the coding region of Ap-hb between oviparous
(sexual) and viviparous (asexual) oocytes. Differences in the 30
UTR sequence of Ap-hb were conﬁrmed by PCR using 10 ng of
double stranded cDNA for each PCR ampliﬁcation. Prediction of
secondary structure was carried out using the mfold webserver
with default parameters (Zuker, 2003).
In situ hybridization
Viviparous and oviparous aphid ovaries were dissected into
cold PBS and ﬁxed for 1 h in a 1:1 mix of 4% formaldehyde:
heptane in PBS (phosphate buffered saline). Aphid eggs were
collected from plants using a damp paintbrush, eggs were ﬁxed
for 1 to 4 h in a 1:1 mix of 4% formaldehyde: heptane in PBS. In all
cases the lower phase was removed and replaced with ice cold
methanol. Eggs were shaken vigorously for 1 min prior to wash-
ing 3  in methanol. For each in situ hybridization a sample
of 10 ovaries (consisting of 50–70 ovarioles), 20–30 fertilized
eggs or 20 dissected germbands were included. In situ hybridiza-
tion was carried out as previously described for the pea aphid
(Duncan and Dearden, 2010). All in situ hybridizations were
carried out on at least three independent occasions and
E.J. Duncan et al. / Developmental Biology 377 (2013) 262–274264representative images are shown. Sense controls for these in situ
hybridizations are provided in Supplementary Fig. 1.
Immunohistochemistry
To detect microtubules a modiﬁed immunohistochemistry
protocol was used that preserves the cytoarchitecture of cells,
including oocytes (Januschke et al., 2006; Pizon et al., 2002).
Ovaries were dissected in PBS and then transferred to BRB80
buffer (80 mM PIPES pH 6.8, 1 mM MgCl2, 1 mM EGTA), contain-
ing 1% Triton X-100 for 1 h at 25 1C without agitation. The ovaries
were ﬁxed in methanol at 20 1C for 15 min and rehydrated
through a methanol/PBST (PBS containing 0.3% Tween-20) series
before incubating overnight in PBST at 4 1C. Ovaries were blocked
in 5% normal goat serum and 0.5% BSA at room temperature for
1 h, before incubation with the primary antibodies overnight.
Primary antibodies were used in the following concentrations:
anti-a-tubulin (DM1A, Sigma-Aldrich) and anti-b-tubulin (Devel-
opmental Studies Hybridoma Bank) were used at 1:100, anti-
acetylated a-tubulin (6–11B-1, Sigma-Aldrich) was used at 1:500.
In all cases the secondary antibody (goat anti-mouse Alexa Fluor
635 (Invitrogen)) was used at 1:1000. Nuclei were counterstained
with DAPI and ovaries were mounted in ProLong Gold (Invitro-
gen) and observed on an Olympus FluoView 1000 confocal
microscope. To detect F-actin, ovaries were ﬁxed for 30 min in
4% paraformaldehyde, washed in PBS with 0.3% Tween 20 and
then incubated with 0.33 mM Alexa Fluor 488 Phalloidin (Invitro-
gen). Nuclei were counterstained with DAPI (Invitrogen).
Ovary culture and inhibitor treatment
Ovaries from ten oviparous or viviparous aphids were dis-
sected into Schneider’s medium (Invitrogen) that had been
supplemented with 20% fetal bovine serum (FBS, Invitrogen),
60 U/mL penicillin and 60 mg/mL streptomycin. Ovaries were
cultured in this media for 4 h at 18 1C with 1 mg/mL of cytocha-
lasin D, 100 mg/mL of colchicine, or ethanol only as a vehicleFig. 1. Maternal expression of Ap-hb in viviparous (asexual) and oviparous (sexual) o
viviparous oocyte. Ap-hb RNA is initially anchored at the anterior of the oocyte. (B) Mate
the germinal lumen as well as accumulating at the anterior of the oocyte. (C) As cell div
the oocyte (arrowhead). (D) In oviparous ovaries Ap-hb RNA is also maternally provided
the onset of vitellogenesis Ap-hb RNA becomes recruited away from the anterior of the
focus of expression (arrowhead). (H) The localization of Ap-hb RNA to this sub-structu
showing that the sub-structure containing Ap-hb RNA occurs in the same optical plane a
left. Scale bars represent 100 mm. Abbreviations: follicle cells (fc), germinal lumen (gl)control. Following treatment, ovaries were ﬁxed and stained for
Ap-hb RNA by in situ hybridization. Ovary culture experiments
were carried out in triplicate on three independent occasions and
representative images are shown. Sense controls are provided in
Supplementary Fig. 2.Results
Ap-hb RNA is localized to the anterior of sexual and asexual oocytes
using different mechanisms
To begin to understand the relationship between sexual and
asexual development, we ﬁrst examined the expression of the
conserved anterior-trunk patterning gene hb. In viviparous (asexual)
oogenesis, Ap-hb RNA is detected weakly in the nurse cells, germinal
lumen and trophic cord (Fig. 1A–C) (Huang et al., 2010). Ap-hb RNA
is localized to the anterior of both unsegregated (Fig. 1A) and
segregated oocytes (Fig. 1B). As the oocyte undergoes a non-
reductive (maturation) division and embryogenesis is initiated,
Ap-hb RNA remains anchored at the anterior, although granules of
Ap-hb RNA can be detected in the anterior of the oocyte implying
that the tight anchoring seen during oogenesis may be lost and that
Ap-hb RNAmay be transported away from this anchoring site during
the maturation division (arrowhead in Fig. 1C).
In oviparous (sexual) ovaries, Ap-hb RNA is detected in the
nurse cells and the germinal lumen soon after the oocyte is
speciﬁed (Fig. 1D). As the oocyte enlarges, but prior to yolk
deposition, maternally provided Ap-hb RNA is tightly localized
to the anterior of the oocyte (Fig. 1E). As vitellogenesis is initiated,
the localization of Ap-hb RNA alters; Ap-hb is transiently detected
in two distinct foci at the anterior of the oocyte (arrowhead,
Fig. 1F). As the oocyte matures these foci resolve into a single spot
of Ap-hb RNA (arrowhead, Fig. 1G). This spot of Ap-hb RNA persists
for the remainder of oogenesis (arrowhead, Fig. 1H) and is in the
same focal plane as the trophic cord (Fig. 1I). The unusual
localization of Ap-hb RNA to this structure is not a generalized
feature of maternally localized RNAs in the oviparous ovary, as itvaries of the pea aphid. (A) Ap-hb RNA is maternally provided to the developing
rnal expression persists as the oocyte segregates. Ap-hb RNA is readily detectable in
ision begins granules of Ap-hb RNA are visible diffusing away from the anterior of
. (E) Ap-hb RNA accumulates at the anterior of the oocyte early in oogenesis. (F) At
oocyte, initially to two foci (arrowhead). (G) The two foci then resolve to a single
re persists until the oocyte is mature (arrowhead). (I) Higher magniﬁcation image
s the trophic cord. All oocytes are displayed with anterior of the egg chamber to the
, nurse cells (nc), oocyte (oc), oocyte nucleus (ocn) and trophic cord (tc).
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example Ap-Kru¨ppel, Supplementary Fig. 3) and we have never
observed this localization for any other RNA, or for Ap-hb RNA
prior to the onset of vitellogenesis. Ap-hb RNA cannot be detected
by in situ hybridization in mature unfertilized eggs, however
RT-PCR shows that Ap-hb RNA is present and is not being
degraded (Supplementary Fig. 4).
Localization of RNA is often dependent on sequence and
structural signals present in the 30 untranslated regions (UTR) of
the RNA (reviewed in Andreassi and Riccio, 2009). These signals
interact with microtubules via motor proteins such as kinesin and
dynein, and with actin microﬁlaments. Many Drosophila RNAs are
localized via active transport along microtubules (reviewed in
Gaspar, 2011), but some RNAs, including oskar, are transported
and anchored by actin microﬁlaments (Lantz et al., 1999).
Analysis of the 30 UTR sequences of Ap-hb from oviparous (sexual)
and viviparous (asexual) oocytes and germaria revealed that the
Ap-hb transcript observed in oviparous oocytes (GenBank acces-
sion KC473534) has a 30 UTR that is 100 bp longer than detected
in viviparous oocytes (GenBank accession KC473535) (Fig. 2A).
These differences were conﬁrmed by RT-PCR and sequencing
(Fig. 2B). The extra 100 nt encoded in the oviparous Ap-hb
transcript encodes a stem loop structure similar to known RNA
localization signals (reviewed in Chabanon et al., 2004)(Fig. 2C),
raising the possibility that Ap-hb RNA is localized using different
mechanisms in oviparous and viviparous oocytes.
To determine whether the actin cytoskeleton and microtubule
networks are important for the localization of Ap-hb RNA we
examined Ap-hb expression in ovaries that had been treated with
colchicine (an inhibitor of microtubule polymerization) and
cytochalasin D (an inhibitor of actin polymerization (Fig. 2D).
In oviparous (sexual) ovaries, inhibition of microtubule poly-
merization with colchicine (Fig. 2D(iv)) causes the initial accu-
mulation of Ap-hb RNA to be less tightly localized to the anterior
compared with controls (Fig. 2D(i)). Following vitellogenesis
however, Ap-hb RNA is successfully recruited to the sub-
structure at the anterior of the oocyte, but more Ap-hb RNA is
detected throughout the oocyte than in controls (compare
Fig. 2D(v) with Fig. 2D(ii)) indicating that the microtubule net-
work is required for initial localization of Ap-hb to the anterior of
the oocyte and that this network may assist the recruitment of
Ap-hb RNA to the sub-structure at the onset of vitellogenesis.
In contrast, colchicine treatment of viviparous (asexual) ovaries
prevented the deposition of Ap-hb RNA into the oocyte
(Fig. 2D(vi)). In colchicine treated viviparous ovaries, Ap-hb RNA
is detected in the germinal lumen with little detected in the
oocyte (compare Fig. 2D(vi) with Fig. 2D(iii)).
In oviparous (sexual) ovaries, inhibition of actin polymeriza-
tion also disrupts early localization of Ap-hb RNA that, in the
presence of cytochalasin D, is excluded from the anterior of the
oocyte (Fig. 2D(vii)). In mature oocytes Ap-hb RNA is correctly
localized to the sub-structure but the sub-structure itself is
mislocalized and can be detected within the trophic cord
(Fig. 2D(viii), the nurse cell cluster (Fig. 2D(x)) or within the
oocyte (Fig. 2D(xi)). This indicates that correct localization of the
sub-structure within the ooplasm requires an intact actin cytos-
keleton. In contrast, inhibition of actin polymerization has no
effect on localization of Ap-hb to the anterior of asexual oocytes
(Fig. 2D(ix)).
The microtubule network is thus required for the initial tight
localization of Ap-hb RNA to the anterior of the oviparous oocyte,
but neither the microtubule, nor actin cytoskeletons, are required
for the recruitment of Ap-hb RNA to the sub-structure within the
oocyte. However, it is possible that the treatment time (4 h) or
that the concentration of inhibitors was insufﬁcient to disrupt
recruitment of Ap-hb RNA to this sub-structure. The localizationof the sub-structure within the oocyte is, however, dependent on
the actin cytoskeleton. In viviparous oocytes the microtubule
network is required to transport Ap-hb RNA from the germarium
to the oocyte, but the actin cytoskeleton has no role in Ap-hb RNA
localization.
To determine whether differences in Ap-hb RNA localization
between viviparous and oviparous oocytes reﬂect gross differences
in the cytoskeletal organization of these oocytes we detected
F-actin using Phalloidin, and microtubules using immunohisto-
chemistry for a-tubulin, b-tubulin and acetylated a-tubulin.
Oviparous (sexual) oocytes possess a complex actin cytoskele-
ton (Fig. 3A), particularly at the posterior of the oocyte, where
there is an enrichment of actin staining. There also appear to be
complex connections between the oocyte and adjacent follicle cells
(Fig. 3B), however, it is possible that these connections are an
artifact associated with the high accumulation of F-actin at the
posterior of the oocyte. Phalloidin staining reveals the complex
network of ring canals connecting the nurse cells with the germinal
lumen (Fig. 3C) but does not show an actin-rich structure at the
anterior of the oocyte in the position consistent with the structure
to which Ap-hb RNA is recruited (arrowhead, Fig. 3C). In contrast F-
actin in viviparous (asexual) oocytes is associated with the over-
lying follicle cells and there is no notable enrichment at either
anterior or posterior poles of the oocyte (Fig. 3D).
Immunohistochemistry for a-tubulin, b-tubulin and a marker
for polymerized microtubules, acetylated a-tubulin, reveals
subtle differences in the organization of microtubule networks
between viviparous and oviparous oocytes. In both oviparous
(Fig. 3E, F, H–J, L, M) and viviparous (Fig. 3G, K, N) oocytes the
germinal lumen and trophic cord stains densely with all three
antibodies conﬁrming the nature of the trophic cord as a micro-
tubule rich structure (Ksiazkiewicz, 1980). We do not observe an
obvious site for microtubule nucleation (microtubule organizing
center) in either viviparous or oviparous oocytes.
In oviparous oocytes, there is enrichment for a-tubulin and
b-tubulin at the anterior and posterior poles of oviparous ovaries
(Fig. 3E, F, H–J). In particular, the posterior follicle cells show
enrichment for a-tubulin (Fig. 3E0) and acetylated a-tubulin
(Fig. 3M). There is also signiﬁcant enrichment for b tubulin and
acetylated-a tubulin at the anterior pole of the oocyte (Fig. 3H–J,
M), where a complex structure consisting of b-tubulin ﬁbers
extends from the trophic cord into the ooplasm (Fig. 3H and higher
magniﬁcation in I and J) extending approximately 1/5th the length
of the oocyte and persists throughout oogenesis. Acetylated a-
tubulin is observed in a similar arrangement, with two prongs of
acetylated a-tubulin protruding into the oocyte (Fig. 3M), slightly
to the posterior of where the complex of b-tubulin ﬁbers is
observed (Fig. 3J). The relative complexity of tubulin staining at
the anterior and F-actin staining at the posterior of the oviparous
(sexual) oocyte (as compared with the viviparous (asexual) oocyte)
may reﬂect the larger size of the oviparous oocyte or be required
for the deposition of yolk, a process that does not occur in
viviparous oocytes (Le Trionnaire et al., 2008).
The complex of b-tubulin and acetylated a-tubulin ﬁbers is
anterior to the sub-structure that stains for Ap-hb RNA. The
proximity of these sub-structures to this complex of ﬁbers is
consistent with the microtubule network having a role in recruit-
ing Ap-hb RNA to the sub-structure (Fig. 2D). However, the nature
of the sub-structure remains unknown. It is not associated with
the oocyte nucleus, which maintains a relatively consistent
position in the center of the oocyte throughout oogenesis
(Fig. 1E, H, Fig. 5G, H, Fig. 6I, Fig. 7E, F, Supplementary Fig. 2F),
implying that, unlike Drosophila, Nasonia and the honeybee
(Lynch et al., 2010; Wilson et al., 2011), the oocyte nucleus may
not have a role in establishing dorso-ventral polarity and polar-
ization of the microtubule network in the oviparous pea aphid.
Fig. 2. Ap-hb maternal RNA is localized within the oocyte using different components of the cytoskeleton in oviparous (sexual) and viviparous (asexual) ovaries. (A) Gene
models for Ap-hb derived from RNA-seq data from dissected viviparous oocytes and germaria and oviparous oocytes and germaria. The positions of oligonucleotide primers
to test the gene predictions by RT-PCR are shown. (B) Gene models described in (A) were conﬁrmed by RT-PCR. (C) The oviparous Ap-hb transcript has an additional 100 nt
of 30 UTR not present in the viviparous transcript. The mfold webserver (Zuker, 2003) predicts a single stem loop structure using default parameters (DG¼9.4) which is a
putative RNA localization signal. (D) Treatment of viviparous ovaries and oviparous ovaries with an inhibitor of microtubule polymerization (colchicine) and an inhibitor of
actin polymerization (cytochalasin D) followed by in situ hybridization for Ap-hb. (i–iii) control treated ovaries, (iv–vi) ovaries treated with colchicine, (vii–xi) ovaries
treated with cytochalasin D. The arrowhead indicates the foci of Ap-hb RNA in vitellogenic oocytes, and the double arrowhead in (vi) indicates the persistence of Ap-hb in
the germinal lumen as a result of a failure to deposit Ap-hb RNA into the oocyte. The hollow double arrowhead in (vii) indicates the exclusion of Ap-hb RNA from the most
anterior region of the oocyte. All oocytes are displayed with anterior of the egg chamber to the left. Scale bars represent 100 mm.
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Fig. 3. Actin cytoskeleton and microtubule networks of oviparous (sexual) and viviparous (asexual) oocytes. (A)–(C) Oviparous ovaries stained with Phalloidin to illustrate
the position of F-actin ﬁbers. (A) The posterior of the previtellogenic oviparous oocyte is enriched for F-actin. (B) Complex actin rich structures appear to link the overlying
follicle cells with the F-actin rich posterior ooplasm (arrowhead). (C) Ring canals link the nurse cells with the germinal lumen. No enrichment of F-actin can be observed at
the anterior of the oocyte in a position consistent with position of Ap-hb RNA foci (arrowhead). (D) Viviparous oocyte (stage 0 on left, stage 1 on right) stained with
Phalloidin, there is no enrichment at either the anterior or posterior of the oocytes for F-actin ﬁbers. (E) and (F) oviparous ovaries stained for a-tubulin. (E) The trophic cord
stains richly for a-tubulin (the trophic cord is out of the plane of focus in (F)). (E0) A complex network of a-tubulin rich structures associated with the posterior follicle cells.
(F) Post-vitellogenesis there are also complex a-tubulin rich structures at the anterior of the oocyte and in the posterior follicle cells (arrowheads). (G) a-tubulin staining of
stage 1 vitellogenic oocyte demonstrates dense staining in the germinal lumen and trophic cord. (H)–(K) b-tubulin staining of oviparous oocytes. (H) and (I) Dense staining
for b-tubulin in the trophic cord and b-tubulin ﬁbers protrude into the oocyte (arrowhead). (J) As the oocyte matures these ﬁbers persist in the ooplasm and cover about
1/5th the length of the oocyte. (K) Viviparous stage 1 oocyte stained for b-tubulin. The trophic cord stains richly for b-tubulin. (L)–(N) staining for acetylated a-tubulin in
oviparous ovaries. (L) The trophic cord is rich in acetylated a-tubulin. (M) As the oocyte matures prongs of acetylated a-tubulin are detected emanating from the trophic
core into the ooplasm (arrowhead). There is also strong staining for acetylated a-tubulin in the posterior follicle cells (double arrowhead). (N) Acetylated atubulin
staining of viviparous stage 1 oocyte. Acetylated a-tubulin can be detected in the follicle cells, but the majority of staining is associated with the trophic cord. All germaria
and oocytes were counterstained with DAPI (blue) to show the position of nuclei. All oocytes are displayed with anterior of the egg chamber to the left. Scale bars represent
100 mm. Abbreviations: follicle cells (fc), germinal lumen (gl), nurse cells (nc), oocyte (oc), oocyte nucleus (ocn), ring canal (rc) and trophic cord (tc). (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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similar, differs in both the details and mechanisms of localization,
implying that the role of this conserved gene in these two ovary types
is different, and that these differences may be regulated by alternative
30 UTRs.
Ap-hb RNA is expressed differently in sexual and asexual embryos
As maternal Ap-hb RNA is localized differently between vivi-
parous and oviparous oocytes, we examined expression of Ap-hb
during embryogenesis to see if these differences persist.
During asexual (viviparous) development maternal Ap-hb RNA
persists at the anterior of the oocyte as the oocyte undergoes a
non-reductive (maturation) division (Fig. 4A). As cellularization
initiates at stage 5, Ap-hb RNA is detected weakly at the anterior
of the embryo (arrowhead Fig. 4B). Ap-hb RNA persists at this
position as the germ cells are speciﬁed at early stage 6 (arrow-
head Fig. 4C) but is not detected by late stage 6 (Fig. 4D). Zygotic
Ap-hb expression is not detected until the germband begins to
invaginate, when Ap-hb RNA is detected at the posterior of the
invaginated germband, in the presumptive head tissue (Fig. 4E).
During germband elongation and subsequent stages Ap-hb isdetected in the presumptive gnathos posterior to the cephalic
lobe (Fig. 4F).
In embryos produced sexually, Ap-hb expression is detected at
the anterior of the blastoderm embryo, resulting in a short
anterior to posterior gradient of Ap-hb RNA (Fig. 4G). Ap-hb RNA
is associated with energids at this stage (Fig. 4H). Migration of the
energids to the posterior is initially asymmetrical with movement
initiating at either the dorsal or ventral surface (Fig. 4I). Ap-hb
RNA is associated with these migrating energids, and immediately
prior to germband invagination, these cells form a densely packed
ring around the posterior surface of the bacteriocyte at the
posterior of the embryo (Fig. 4J). As the germband invaginates
Ap-hb RNA is detected ubiquitously in the germband but is also
still detected in the anterior of the egg chamber, in cells of the
presumptive extraembryonic membranes (Fig. 4K). Expression
persists in the extraembryonic membranes until at least 120 h
AEL (Fig. 4L). Ap-hb RNA is detected in all of the cells of the
germband with no enrichment in either dorsal or ventral epithe-
lia, nor in the anterior or posterior of the germband (dissected
germband shown in Fig. 4M).
There are differences in Ap-hb RNA expression between sexually
produced and asexually produced embryos. These differences are ﬁrst
Fig. 4. Expression of Ap-hb during embryogenesis. (A)–(F) Ap-hb expression during viviparous (asexual) development. (A) As embryogenesis is initiated the localization of
Ap-hb RNA broadens out into a crescent like domain (arrowhead). (B) Ap-hb RNA is detected at the anterior of the early blastoderm embryo (arrowhead). (C) RNA for Ap-hb
persists at the anterior of the blastoderm embryo (double arrowheads indicate the position of germ cells). (D) By late blastoderm no Ap-hb RNA is detected in the embryo.
(E) Ap-hb RNA is detected at stage 10 when in the presumptive gnathos. The position of the bacteriocyte (bc) is indicated by dotted lines. (F) The germband is outlined
with the grey dotted line. Expression in the gnathum persists through germband extension and retraction. (G)–(M) Ap-hb expression in oviparous (sexual) development.
(G) Ap-hb RNA is detected in the blastoderm stage oviparous embryo in an anterior to posterior gradient. (H) Ap-hb RNA is associated with energids at the anterior of the
embryo (DAPI stain shown in H0). (I) Energids migrate toward the posterior unevenly, with migration initiating from either the dorsal or ventral surface. (J) The migrating
energids form a densely packed ring of cells around the posterior surface of the bacteriocyte. (K) As the germband invaginates Ap-hb RNA is detected ubiquitously in the
invaginating germband and Ap-hb RNA persists in the anterior of the embryo in cells of the extraembryonic membranes. (L) This expression pattern persists until 96–120 h
AEL. (M) Dissected germband of the same developmental stage in L. Ap-hb RNA is detected throughout the germband in the dorsal and ventral epithelia and no enrichment
is seen at either the anterior or posterior of the germband. All embryos are displayed with anterior of the ovariole/embryo to the left. Scale bars represent 100 mm except
for panel J where scale bar represents 50 mm. Abbreviations: after egg laying (AEL), bacteriocyte (bc), central syncytium (cs), follicle cells (fc), germband (gb), growth zone
(gz), nurse cells (nc) and oocyte (oc).
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until germband invagination, implying that Ap-hb is regulated inde-
pendently in these two morphs.
Ap-orthodenticle is expressed differently in sexual and asexual
embryos
Given the differences in expression of Ap-hb RNA, we exam-
ined expression of another conserved anterior acting gene, Ap-
orthodenticle, to determine if it too has differences in expression
between morphs.
The pea aphid genome encodes a single aphid ortholog of otd,
reported to be similar to otd-2 (Huang et al., 2010; Shigenobu
et al., 2010; Wilson and Dearden, 2011), which has a role in
anterior pattering in the honeybee (Wilson and Dearden, 2011),
but not in other insect species (Lynch et al., 2006).
The viviparous expression of Ap-otd is consistent with previously
published data (Duncan and Dearden, 2010; Huang et al., 2010),
Brieﬂy, Ap-otd is not maternally expressed in viviparous (asexual)
oocytes or early embryos (Fig. 5A–D). Embryonic expression of
Ap-otd is not detected until stage 10 where it is detected in the
presumptive cephalic regions. Ap-otd expression persists in the
cephalic regions throughout development, and is also detected incells of the ventral midline (Fig. 5E) In mature embryos Ap-otd is
detected diffusely in the most anterior regions of the brain (Fig. 5F).
In oviparous (sexual) ovaries Ap-otd RNA is not detected in the
nurse cells or in the developing oocyte (Fig. 5G), but Ap-otd RNA is
detected post-vitellogenesis in a subset of follicle cells at the
posterior of the developing oocyte (Fig. 5H). Within this region
Ap-otd RNA appears to be associated with two different cell types;
the larger follicle cells (arrowheads in Fig. 5I) and a population of
cells with much smaller nuclei (double arrowhead in Fig. 5I).
Following fertilization, and in contrast to asexual embryogenesis,
Ap-otd RNA is associated with the migrating energids, initially in a
weak anterior to posterior gradient (Fig. 5J), but as embryogenesis
proceeds, Ap-otd is expressed throughout the blastoderm embryo
(Fig. 5K). At this stage the cells with enlarged nuclei (destined to
be extraembryonic tissue) stain are associated with more staining
for Ap-otd RNA than the cells of the embryo proper. Weak staining
is also seen in the vitellophages underlying the blastoderm cell
layer (arrowheads Fig. 5K). Weak staining for Ap-otd is also
observed in the dorsal and ventral epithelia of the invaginating
germ band (arrowhead Fig. 5L). This domain of expression over-
laps with Ap-hb (Fig. 4K), but Ap-otd RNA is not detected in the
cells immediately adjacent to the bacteriocyte (double arrowhead
Fig. 5L). In late stage oviparous (sexual) embryos we observe
Fig. 5. Maternal and zygotic expression of Ap-otd. (A) and (B) Ap-otd is not detected during oogenesis in viviparous (asexual) ovaries. (C) No Ap-otd RNA can be detected as
the initial embryonic cell divisions take place. (D) No Ap-otd RNA can be detected during blastoderm stages. (E) Ap-otd RNA is detected in the cephalic lobes and cells of the
ventral midline. (F) Ap-otd RNA is detected in the head and weakly in the ventral midline (arrowhead) until late in development. (G) Ap-otd RNA is not detected in
previtellogenic oviparous (sexual) oocytes. (H) In vitellogenic oviparous oocytes Ap-otd is detected in the posterior follicle cells late in oogenesis. (I) Shows two focal planes
of the same specimen. Ap-otd RNA is associated with two different cell types in this region, follicle cells (arrowhead) and smaller cells of an unknown type (double
arrowhead). (J) Ap-otd RNA is detected in a weak anterior to posterior gradient in blastoderm stage embryos, and RNA is associated with the migrating energids. (K) This
expression persists until germband invagination. (L) As the germband begins to invaginate Ap-otd RNA is detected weakly in the dorsal and ventral epithelia of the
germband (arrowheads), but is not detected in cells immediately adjacent to the bacteriocyte (double arrowhead). (M) In late stage embryos (17–20 days AEL) Ap-otd RNA
is detected in the cephalic lobes and in cells of the central nervous system (arrowheads). The corresponding DAPI stained image is shown in M’. All ovaries and embryos are
displayed with anterior of the germaria or embryo to the left. Scale bars represent 100 mm. Abbreviations: after egg laying (AEL), bacteriocyte (bc), central syncytium (cs),
cephalic lobe (cl), follicle cells (fc), nurse cells (nc), oocyte (oc), posterior syncytium (ps) and ventral midline (vm).
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the central nervous system (Fig. 5M).
Both maternal and zygotic expression of Ap-otd differs between
sexual and asexual embryos, with asexual embryos apparently not
requiring the early expression of this conserved anterior patterning
gene.
Expression of posterior determinants: Ap-caudal and ap-nanos
Given that differences occur in the expression of anterior
patterning genes between sexual and asexual embryos, we
examined conserved genes involved in posterior patterning to
see if the variation we see between morphs is only occurring at
the anterior, or if the whole embryo is affected.
Ap-cad is not maternally expressed during viviparous (asexual)
oogenesis (Fig. 6A, B). Ap-cad RNA is not detected during early
embryogenesis (Fig. 6C), until stage 8, where Ap-cad RNA isdetected in tissue of the germband, adjacent to the bacteriocyte,
as the germband begins to invaginate (arrowheads Fig. 6D).
At this stage, expression of Ap-cad RNA is detected in both dorsal
and ventral epithelia of the germband. Expression persists in cells
adjacent to the bacteriocyte, the presumptive growth zone
(Fig. 6E), until all segments are speciﬁed (Miura et al., 2003).
Ap-cad RNA is detected at the posterior most region of the embryo
(Fig. 6F) (adjacent to the cephalic regions, as determined by Ap-tll
expression (Duncan et al., in press), throughout the remainder of
embryogenesis (Fig. 6G, H).
In contrast Ap-cad RNA is detected in the nurse cell cluster and
is maternally provided to the oocyte during oviparous (sexual)
oogenesis. Ap-cad RNA is weakly detected prior to vitellogenesis
in the nurse cell cluster (Fig. 6I). Following vitellogenesis Ap-cad
RNA is detected strongly in the nurse cells, trophic cord (data not
shown), and in the ooplasm adjacent to the trophic cord. At this
stage Ap-cad RNA accumulates at the posterior of the oocyte late
Fig. 6. Maternal and zygotic expression of Ap-cad. (A) Ap-cad RNA is not maternally provided to the developing oocyte and is not detected in early blastoderm stage
embryos. (B) Ap-cad RNA is not detected as the oocyte matures and cell division is initiated. (C). Ap-cad RNA is not detected as the bacteria inﬁltrate the embryo. (D) As the
germband begins to invaginate two patches of Ap-cad RNA are detected in the dorsal and ventral epithelia of the posterior germband (arrowheads). For images (E)–(G) the
germband is outlined with a grey dotted line. (E) Ap-cad RNA is detected in the posterior-most tissue of the embryo as the germband continues to elongate (arrowhead).
(F) Expression persists in the most posterior embryonic tissue (arrowhead), as the limb buds are speciﬁed. (G) After katatrepsis Ap-cad RNA is detected in the most
posterior abdominal segment (arrowhead). (H) Ap-cad RNA continues to be detected in the posterior most segment of the mature embryo in cells surrounding the
proctodeum (arrowhead). (I) In pre-vitellogenic oocytes Ap-cad RNA is detected weakly in the nurse cell cluster and oocyte. (J) As vitellogenesis occurs Ap-cad RNA is
detected maternally, with weak staining at the anterior of the oocyte and strong staining at the posterior of the oocyte (arrowhead). (K) Following fertilization Ap-cad RNA
is not detected in blastoderm stage embryos. (L) As the germband begins to invaginate Ap-cad RNA is detected in a stripe of cells adjacent to the bacteriocyte (arrowhead).
(M) Ap-cad RNA is detected in a stripe of cells in both the dorsal and ventral germband tissue immediately adjacent to the bacteriocyte (arrowhead). (N) As the germband
extends Ap-cad RNA continues to be detected in a stripe of cells adjacent to the bacteriocyte (higher magniﬁcation in O). All ovaries and embryos are displayed with
anterior of the germaria or embryo to the left. Scale bars represent 100 mm. Abbreviations: after egg laying (AEL), bacteriocyte (bc), central syncytium (cs),follicle cells (fc),
growth zone (gz), nurse cells (nc), oocyte (oc) and posterior syncytium (ps).
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RNA is not detected in the embryo (Fig. 6K) until the germband
begins to invaginate at 24 h AEL. At this stage Ap-cad RNA is
detected in a stripe of cells immediately adjacent to the bacter-
iocyte (Fig. 6L). As the germband continues to invaginate, Ap-cad
RNA persists in this stripe of cells adjacent to the bacteriocyte
(Fig. 6M). Ap-cad RNA is detected in these cells until at least 120 h
after egg laying (AEL) (Fig. 6N). Ap cad RNA is detected in both the
dorsal and ventral epithelia of the germband (Fig. 6O).
The pea aphid genome encodes four nanos paralogs (Shigenobu
et al., 2010) only one of which, Ap-nanos1, has been studied
previously (Chang et al., 2009). Ap-nos1 RNA (Chang et al., 2009)
and Ap-nos1 protein (Chang et al., 2006) have been reported to be
localized to the posterior of the viviparous (asexual) oocyte as
embryogenesis is initiated, and may function in axial patterning.
We ﬁnd that, as previously reported (Chang et al., 2009), Ap-nos1 RNA
is maternally provided during viviparous (asexual) oogenesis. Ap-nos1
RNA remains unlocalized as the oocyte matures, and embryogenesis
is initiated (Fig. 7A–C), and we were not able to detect the posterior
accumulation of Ap-nos1 RNA that had been previously reported
(Chang et al., 2009) which may reﬂect the transient nature of the
posterior localization. Ap-nos1 RNA is detected in embryogenesis at
late stage 6, in the presumptive germ cells as they are speciﬁed
(Fig. 6D). Ap-nos1 RNA is also maternally provided during oviparous
(sexual) oogenesis, and, prior to vitellogenesis, Ap-nos1 RNA is
detected ubiquitously throughout the oocyte (Fig. 7E). However, at
the onset of vitellogenesis (Fig. 7F), and as the oocyte matures
(Fig. 7G), Ap-nos1 RNA is excluded from the posterior of the oocyte,
possibly due to the high density of yolk granules in this region or to
accommodate the inﬁltrating endosymbiotic bacteria.Ap-cad expression differs between sexual and asexual oocytes,
but not later embryos, suggesting that the differences in pattern-
ing mechanisms we have identiﬁed in the two morphs are not
just due to differences in anterior patterning. The maternal
expression of Ap-nos1, however, is invariant; implying that some
parts of the developmental program are conserved between
asexually produced and sexually produced morphs.Discussion
Diversity in the expression of axis patterning genes in different
morphs of the pea aphid
The evolution of cyclical parthenogenesis in the pea aphid has
resulted in two markedly different developmental environments
within the same species: asexually produced embryos develop
inside their mother, protected from the environment and nutrients
are supplied directly from the mother (Le Trionnaire et al., 2008).
In contrast sexually produced embryos develop within an eggshell,
outside of their mother. Sexually produced embryos also experi-
ence a diapause over winter (Shingleton et al., 2003), such that the
timescales that the two morphs develop over is substantially
different. These different developmental environments originate
during oogenesis, and differences in gene expression during
oogenesis have been reported between sexual and asexual pea
aphids (Gallot et al., 2012). Here we show that these differences in
developmental environment are accompanied by marked differ-
ences in the expression of three key patterning molecules; Ap-hb,
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(Fig. 8).
Hunchback and orthodenticle act synergistically to pattern the
anterior of many insects (Kotkamp et al., 2010; Lynch et al., 2006;
Pultz et al., 2005; Schroder, 2003; Wilson and Dearden, 2011).
In the pea aphid hunchback is maternally expressed and anteriorlyFig. 7. Expression of Ap-Nos1 in viviparous (asexual) and oviparous (sexual)
ovaries. (A)–(C) Ap-nos1 RNA is maternally expressed and RNA is deposited in
the viviparous oocyte. Ap-nos1 RNA remains unlocalized throughout oogenesis
and as the initial cell divisions take place. (D) Zygotic Ap-nos1 RNA is detected in
the presumptive germ cells at late blastoderm. (E) Ap-nos1 RNA is maternally
provided in oviparous ovaries. (F) At the onset of vitellogenesis Ap-nos1 RNA is
excluded from the posterior of the oocyte (arrowhead). (G) Exclusion of Ap-nos
RNA from the posterior of the oocyte is more pronounced as the oocyte reaches
maturity. Scale bars represent 100 mm. Abbreviations: central syncytium (cs),
follicle cells (fc), germ cell (gc), nurse cells (nc), oocyte (oc) and posterior
syncytium (ps).
Fig. 8. Diagram summarizing the expression of Ap-hb, Ap-otd, Ap-cad and Ap-nos1 at eq
development. During oogenesis Ap-hb RNA is provided to the anterior of both viviparo
oogenesis this RNA is recruited to a sub-structure within the oocyte. Ap-cad is not mater
localized to the posterior in oviparous (sexual) oogenesis. Ap-otd is not maternally expr
but Ap-otd RNA is detected in the posterior follicle cells late in oogenesis in oviparous
maternal Ap-hb RNA persists at the anterior in a very small expression domain and no R
detected in an anterior cap, and Ap-otd RNA is detected throughout the oocyte. As the g
(asexual) embryos. However, Ap-hb RNA persists in an anterior region in the oviparou
RNA is also detected throughout the invaginating germband and Ap-otd RNA is detected
expression is not detected during viviparous embryogenesis. Ap-cad RNA is expressed in
oviparous (sexual) germband.localized in both viviparous (Huang et al., 2010) and oviparous
oocytes. The details of RNA localization differ between the two
morphs, correlating with a longer 30 UTR in the oviparous (sexual)
transcript, leading to alterations in both the location and mechan-
ism of RNA localization. In oviparous (sexual) oocytes Ap-hb RNA
is recruited to a sub-structure within the oocyte, the recruitment
to this sub-structure appears to be independent of the actin and
microtubule cytoskeletal networks, but localization of the sub-
structure itself is dependent on the actin cytoskeleton. The
differences we observe in the 30 UTR, which result in the inclusion
of a putative RNA localization signal in the oviparous transcript,
is consistent with the idea that at least some of the differences in
Ap-hb expression are due to RNA localization. Different UTR
sequences have been associated with differential RNA localization
in other animals (i.e., Blichenberg et al., 2001).
Zygotic expression of Ap-hb also differs between morphs. In
asexually produced embryos, maternal RNA persists until early
blastoderm stage and no zygotic expression of Ap-hb is detected
until after the germband has invaginated, where expression is
limited to the gnathal region. In sexually produced embryos
zygotic Ap-hb RNA is associated with migrating energids early
in embryogenesis, similar to the expression of hb in Gryllus during
late blastoderm (Nakamura et al., 2010), and then is found
ubiquitously throughout the invaginating germband. Such ubi-
quitous expression is unusual (Liu and Kaufman, 2004a;
Nakamura et al., 2010), and may indicate that Ap-hb has a role
in establishing or in maintaining the growth zone or that Ap-hb
RNA is under translational control at this stage of embryogenesis.
Translation of hb RNA is regulated by nos in Drosophila (Irish et al.,
1989; Sonoda and Wharton, 1999) and nos response elements
(NREs) are found in the 30 UTR of hunchback in many insect
species (Huang et al., 2010; Pultz et al., 2005) including the Ap-hb
30 UTR (Huang et al., 2010). The different 30 UTRs we have
identiﬁed in viviparous and oviparous oogenesis do not contain
either of these NREs. This does not, however, rule out a role for
regulation of hunchback translation by nanos during embryonic
development in sexually produced embryos.
Ap-otd RNA is not detected early in the development of
asexually produced embryos but at equivalent stages in sexually
produced embryos Ap-otd RNA is present in a broad expression
domain (Fig. 8). This implies that either activators of orthodenticleuivalent stages of viviparous (asexual) and oviparous (sexual) oogenesis and early
us (asexual) and oviparous (sexual) oocytes. However, late in oviparous (sexual)
nally expressed in viviparous (asexual) oogenesis, but is maternally expressed and
essed during oogenesis in either viviparous (asexual) or oviparous (sexual) ovaries,
(sexual) oocytes. During blastoderm stages of viviparous (asexual) development,
NA for Ap-otd can be detected. In the oviparous (sexual) blastoderm Ap-hb RNA is
ermband begins to invaginate neither Ap-hb nor Ap-otd are detected in viviparous
s (sexual) embryo, in cells of the presumptive extraembryonic membranes. Ap-hb
in two patches of cells at the anterior of the invaginating germband. This pattern of
cells immediately adjacent to the bacteriocyte in both the viviparous (asexual) and
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different enhancer elements are utilized. The expression domain
we observe in sexually produced embryos is similar to that seen
for maternal otd1 RNA in the honeybee (Wilson and Dearden,
2011), and has some similarities with otd expression in other
hemimetabolous (Birkan et al., 2011; Nakamura et al., 2010) and
holometabolous insects (Lynch et al., 2006; Schroder, 2003).
Caudal has posterior patterning roles in many species (Copf
et al., 2004; de Rosa et al., 2005; Dearden and Akam, 2001;
Epstein et al., 1997; Gavis and Lehmann, 1992; Irish et al., 1989;
Lynch and Desplan, 2010; Olesnicky et al., 2006; Schulz et al.,
1998; Wilson et al., 2010). In the pea aphid we see differences in
maternal provisioning of Ap-cad RNA to the oocyte; in oviparous
ovaries Ap-cad is maternally expressed and localized to the
posterior of the oocyte, in viviparous ovaries it is not (Fig. 8).
However, Ap-cad RNA is detected in the most posterior region
(overlapping the growth zone) of both the oviparous (sexual) and
viviparous (asexual) embryos, similar to Gryllus (Shinmyo et al.,
2005) and Schistocerca (Dearden and Akam, 2001).
Nanos also has roles in posterior patterning in many species
(Gavis and Lehmann, 1992; Irish et al., 1989; Lynch and Desplan,
2010). In aphids Ap-nos1 is maternally provided in both oviparous
and viviparous oocytes, and the RNA remains ubiquitous even in
mature oocytes. However, it is possible that Ap-nos1 is being
translationally regulated, and having a role in patterning, as it is
in Drosophila (Dahanukar and Wharton, 1996).
Three of the genes that we have examined, with critical roles
in establishing the embryonic axes in other insect species, are
deployed differently in the sexual and asexual pea aphid (Fig. 8).
These genes have expression domains in oviparous (sexual)
ovaries and embryos more similar to that seen for other insect
species than the expression patterns observed in viviparous
(asexual) ovaries and embryos. For example: Ap-otd RNA is
initially detected in a weak anterior to posterior gradient in
oviparous (sexual) blastoderm embryos, similar to the honeybee
(Wilson and Dearden, 2011). This differs from the initially
ubiquitous expression reported for Oncopeltus (Birkan et al.,
2011) and Gryllus (Nakamura et al., 2010). In Oncopeltus the
initial ubiquitous expression of Of-otd resolves to an anterior
cap, whilst in Gryllus a stripe of Gb-otd is detected in the germ-
anlagen. In the pea aphid relatively uniform expression of Ap-otd
is observed until germ band invagination. In the pea aphid we do
observe enrichment of Ap-otd RNA in cells of the presumptive
extraembryonic membranes and this is also observed in Gryllus
(Nakamura et al., 2010). Therefore, whilst the details of otd
expression may differ amongst species, otd is commonly
expressed at blastoderm stages in insects. However, in the
viviparous pea aphid, Ap-otd RNA is not detected until late in
embryogenesis and has no apparent role in embryonic patterning.
In fact only Ap-hb is maternally provided in viviparous oocytes
and RNA for Ap-otd, Ap-hb and Ap-cad is not detected in blas-
toderm stage asexually produced embryos. Based on these
expression patterns, it is likely that hb, otd and cad have more
extensive roles in patterning the sexually produced embryo than
the asexually produced embryo.
These two different embryonic morphs of the pea aphid (the
sexually-produced embryo and the asexually-produced embryo)
are the result of phenotypic plasticity. In this case the environ-
ment, both temperature and day-length, have had a profound
effect on the developmental trajectory of the aphid. It is therefore
possible that the same molecular mechanisms that have been
shown to be important in mediating phenotypic plasticity in
other species, for example DNA methylation (Jaenisch and Bird,
2003; Kucharski et al., 2008; Maleszka, 2008) and alternative
splicing (Foret et al., 2012; Lyko et al., 2010), are also important
during embryonic development in these two morphs.Axis formation and the evolution of early developmental pathways
in the pea aphid
We have shown that the maternal and early zygotic expression
of key patterning molecules differs between embryos produced
via sexual reproduction versus embryos produced by partheno-
genesis in the pea aphid. These differences in expression imply
that early patterning is divergent between sexually and asexually
produced embryos.
Our data shows that the evolution of the asexual mode of
reproduction has resulted in a signiﬁcantly altered early devel-
opmental pathway, producing a novel mode of embryonic devel-
opment. Asexual reproduction in aphids evolved 200 million
years ago (Simon et al., 2002) in a sexually reproducing ancestor.
Thus the asexual developmental program we observe has evolved
amongst the constraints inherent in maintaining the ability to
reproduce sexually encoded in the genome. The pea aphid
genome appears to encode two different modes of early develop-
ment. How these two modes are differentially regulated and
separated in the genome is a vital question to address. Our data
suggest that differential localization of RNAs through different 30
UTRs is important for some of these genes. We also propose that
different enhancer elements and/or different ratios of activators
and repressors may have been utilized during evolution to drive
the divergent gene expression patterns we observe in viviparous
(asexual) and oviparous (sexual) germaria and embryos.
The data we describe shows that there are substantial differ-
ences in early embryonic development of two morphs of the same
species, yet we know these early differences in axis formation are
buffered to produce the conserved expression of the segment
polarity genes; engrailed (Miura et al., 2003) and wingless (Dun-
can et al., in press).
This pattern of developmental evolution with early events in
development showing more variation than later ones is very
similar to that observed when comparing developmental path-
ways between species (Bucher and Klingler, 2004; Kalinka and
Tomancak, 2012; Liu and Kaufman, 2004b; Lynch et al., 2012;
Patel et al., 2001; Peel et al., 2005; Wilson et al., 2010, 2011;
Wilson and Dearden, 2009, 2011, 2012). Comparisons between
species often show maximum variation in expression and func-
tion of genes in early, rather than later development, consistent
with ideas of a ‘developmental hourglass’ (Cruickshank and
Wade, 2008; Duboule, 1994; Kalinka et al., 2010; Peel et al.,
2005; Raff, 1996). That this same pattern is observed in the
evolution of two divergent developmental mechanisms within
one species is remarkable, and indicates that the same underlying
patterns of evolution are occurring.
The evolution of the asexual mode of reproduction in aphids
has led to these animals encoding two separate forms of early
embryogenesis within one genome. Understanding how these
two developmental pathways are compartmentalized in the
genome will tell us much about the genomic regulation of
alternative pathways and the evolution of developmental
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